One of the key design issues for distributed systems is to find proper planning and coordination mechanisms when knowledge and decision capabilities are spread along the system. This contribution refers holonic manufacturing execution systems and highlights the way a proper modeling method -Petri nets -makes evident certain problems that can appear when agents have to simultaneously treat more goals. According to holonic organization the planning phase is mainly dependent on finding an appropriate resource allocation mechanism. The type of weakness is established by means of the proposed Petri net models and further proved by simulation experiments. A solution to make the holonic scheme avoid a failure in resource allocation is mentioned, too.
Introduction
Design and implementation of appropriate mechanisms to control manufacturing execution systems are still open problems, and research in Artificial Intelligence (AI) has had an important impact for these subjects [2] [3] [4] . With respect to this, an example is the holonic approach, which is considered in this paper; it combines benefits of hierarchical and heterarchical manufacturing control architectures. Holonic Manufacturing Execution Systems (HMESs) are clearly influenced by planning and coordination mechanisms established in AI, primarily in the field of multiagent systems [3] [4] [5] [6] . An HMES regards a control scheme for the shop-floor level of a manufacturing company that is developed around autonomous, cooperative, intelligent entities, named holons. The most often used holonic
Related Work
While modeling of automated manufacturing systems by different classes of Petri nets is described and commented in a great number of papers and concentrated in some books [8, 9] , fewer articles are dedicated to the use of Petri nets for HMES modeling. Nevertheless, the interest for implying Petri nets in holonic and multiagent systems modeling is justified, as they represent a powerful tool for dealing with concurrent processes, which is the case of HMESs. Thus, in [10] some Petri net models of holons were proposed in order to explain the holonic interaction mechanism in PROSA. These models are specific, being provided for certain types of holons (resource, order) and for different kinds of interactions. They highlight some aspects regarding cooperation (synchronization of holons, progress of parallel activities), being restricted to the relation between two holons, mainly between an order and a resource holon. Some benefits are got by the Petri nets application, as these can describe the structure of PROSA holonic components, conducting to logical and temporal analysis of their behavior. For example, by using Petri nets, it was possible to model and evaluate the coupling between a reactive scheduler holon and a holon with special tasks, the on-line manufacturing control holon. In this way an improved adaptability to disturbances was obtained. It results that the proposed Petri net models of holons ensure some guiding points for a PROSA based holonic system design and implementation. In ADACOR holonic architecture the dynamic behavior of holons is modeled by Petri nets, too [11] . In the same way as in PROSA, models are developed for each kind of holon and for various holonic behaviors in correspondence with the considered manufacturing environment. The proposed models catch the coordination process based on the Contract Net Protocol (CNP), too. As an advanced possibility, a top-down approach is used in ADACOR. Specifically, some transitions of a Petri net providing a first abstraction can be replaced by more detailed Petri nets in order to assure the description of additional aspects, as needed for the holonic system deployment. Such a successive decomposition in Petri nets and sub-Petri nets allows the incorporation into holonic models of details concerning the production plans and resource allocation.
Another methodology involving Petri nets is described in [12] [13] [14] [15] . A formalism on holarchy formation and optimization, as well as on the management of coordination process is facilitated by the use of Petri nets. As a main point, an aggregated Petri net model of a holarchy is proposed, which is augmented with cost functions so that some conditions on holarchy feasibility could be formulated. Enhancements on handling by Petri nets the order constraints and reconfiguration abilities of holonic systems are developed, too. All these aspects are discussed only with regard to the execution phase, without considering details on the planning process and the link between planning and execution.
It thus results that Petri nets were already employed in HMES modeling. Even so, this paper together with the research published in [16, 17] , aim at fulfilling some new, distinct goals: to underline all types of events that appear during the operation of any type of holon, to obtain a model of holonic communication so that, in conjunction with the holons' models, the complete HMES model should be obtained and to better reveal the dependence between planning and execution phases.
A Petri Net Model of Holonic Agent Operation
As the main operation unit of HMESs, a holon is composed of three components [18] (see Fig. 1 ): a decisional part in charge with managing the received goals and finding solutions for them; this is materialized under the form of a holonic agent. It has to apply a combination of planning and coordination procedures, as within HMESs a goal is always solved by the cooperation of several holons. The holonic agent's decisions are put into practice by the holon's structural component. For a resource holon this is a proper physical device: a robot or machine tool controller, a PLC commanding a conveyor, etc. In the case of an order or a product holon the structural component becomes a holarchy, which is a temporary construction, namely a group of holons that are conducted by the respective holon in order to solve a goal by cooperation. It is also possible for a resource holon to extend its structural component with a holarchy, when the holon asks the collaboration of other holons. The information is changed between the holonic agent and the structural component by means of a proper communication interface.
The mechanism for formation of holarchies is based on the CNP, the common coordination method of multi-agent systems [19, 20] . It supposes that a holon not able to solve a goal by itself becomes a manager, asking the cooperation of the other holons, by sending appropriate goals/sub-goals. Those holons able to provide a solution reply with corresponding bids, the best one being selected by manager. The holon that made the respective offer receives a contract from the manager holonic agent, to put into practice the solution it proposed. The common multi-agent CNP has to be adapted and enhanced for a holonic use, in order to obtain a reliable and near to optimum HMES operation [21] . Moreover, a further tuning is needed when the inference mechanism of agents is based on the Belief Desire Intention (BDI) architecture [22, 23] . Certain details regarding the way planning and coordination are supported by holonic agent inference process will be presented in sections 4 and 5. HMES operation is both goal and event driven: it has to solve all the goals received at the shop floor level, taking into account events happening in the manufacturing environment (states of various devices, raw parts that are supplied, etc.). It is clear that the whole system operation is determined by the behavior of holons, which is dictated by holonic agents. All these conduct to the necessity of a model for the holonic agent operation and indicate the Petri net formalism as a good choice [12, 24] .
The proposed Petri net basic model is a general one (see Fig. 2 ), being applicable independent of the type of holon, be it an order, product or resource one. The model shows the two main processes that the holonic agent has to pass through as the decisional component, namely planning when it finds a plan for solving a goal, and execution when it applies the decided plan and monitors its carrying out. Besides these, an idle state of agent is present, which shows its availability, allowing switching between the holonic agent's processes, too.
In this Petri net model the corresponding places are: P 0 for the idle state, P 1 for the planning phase and P 2 represents the execution one. Transitions that determine passing to planning are t 1 representing a goal receiving and t 3 modeling the receipt of a set of bids. This is explained by the way a goal is solved: besides the easy case when the goal can be worked out by a single resource holon through its own physical device activity, the other cases imply cooperation between several holons. Knowing the main steps of CNP, it is clear that the planning stage is interrupted or finalized at two types of transitions: t 2 regards sending of a goal (sub-goal) and t 4 appears when the agent releases an internal contract allowing the start of execution phase or when it issues a bid. Because the model aims at being a general one, it considers the case when the same holonic agent can be contractor and manager, too. That is way the agent can receive and announce goals, while it can also propose bids and issue internal contracts. There are two cases when internal contracts are used: when the holonic agent is only manager, as it can be for an order holon, and when the holonic agent of a resource holon can solve a goal by commanding its structural component. Usual contracts, those sent to other holons, are named external contracts or simply, contracts. This Petri net model reflects both above mentioned cases, when the agent is able to solve by itself a goal (the corresponding succession is: P 0 t 1 P 1 t 4 P 0 ), and when it has to apply for collaboration, this evolution being modeled by the succession: P 0 t 1 P 1 {t 2 P 0 t 3 P 1 }t 4 P 0 . The notation within curly brackets means that the sequence t 2 P 0 t 3 P 1 can appear no time, when there is no goal considered for collaboration, or it can be used one or more times, depending on the number of goals that the agent issued and for which it is waiting cooperation.
Execution stage represents the carrying out of a previous holonic agent's commitment, represented by a bid it made. This is started from the agent's idle state when it receives a contract. The respective event is modeled by the transition t 5 . After that, according to the transition t 8 the holonic agent sends the contracts to its sub-contractors or, for a resource holon, commands towards its physical device. Transition t 7 models the feedback from contractors or from the controlled device regarding the ending (with success or failure) of a contract or an action.
When an entire contract is ended, transition t 6 designates the finalization of execution phase. If execution regarded an external contract, according to t 6 the holonic agent provides a feedback towards manager, and this includes the case when the contract could not be accomplished and the respective holon is not able to solve the failure by itself. When the holon can try a further solution to a failed contract or action, during transition t 6 the holonic agent issues an internal (that is not sent by another holonic agent) goal, thus re-starting its planning phase. To conclude, the execution sequence is reflected in the proposed model as follows: P 0 t 5 P 2 t 8 P 0 t 7 P 2 {t 8 P 0 t 7 P 2 }t 6 P 0 . It is to further underline that the proposed model catches (through transitions t 1 and t 3 , respectively t 5 and t 7 ) all the cases when a planning/execution stage is started or resumed for the holonic agent, thus being a general one. The devised Petri net model reflects holonic agent behavior, but the whole HMES activity must be supported by a proper communication mechanism, as shown in the next section.
Model of Holonic Agent Communication
When each holonic agent is represented by the Petri net model of From here, by means of a communication network, it is transmitted to all the possible contractor holonic agents, being inputted into their buffers, marked as the places P IN1 . Thus, transition t 1 regarding the presence of a new goal can be fired (in our example, two holons, H 2 and H 3 , activate the corresponding transitions: t 1(H2) and t 1(H3) ). After that, these contractor holons start their planning process, which is abstracted at the manager holon level by the place P W(H1) (see Fig. 3b ). Each contractor enters in the planning phase only when the holonic agent is freed from other activities. As an example of the proposed model application, for the holon H 3 this means a token is present in the place P 0(H3) (see Fig. 3b ). Planning phase will have as result a message containing a bid (an output buffer is used), corresponding in our model with the placement of a token in the place P OUT4 when the transition t 4 (the one for bid's sending) is fired (t 4(H3) in Fig. 3a, b) . From this buffer, the communication network transfers the message to the buffer (the place P IN3 ) of the manager agent; thus, the transition t 3 can be fired for this agent (t 3(H1) in our example). In Fig.  3b the places P 1->3 and P 3->1 abstract information (goals and bids) transfer from one holon to the other by means of their buffers and the communication network.
A similar mechanism exists for transmission of contracts and feedbacks issued at the end of contracts. Agents' communication buffers should allow several goals/contracts to be received, and thus it can happen that a holonic agent has to treat more goals and/or contracts. Therefore, the issue of treating several goals by the same holon has to be discussed, and also the case when the solutions provided to a set of goals by some holons interfere; these issues are discussed in the next sections.
To understand these problems for a BDI based holonic agent (this kind of agents was used in our approach), it is necessary to be aware of the BDI mechanism operation principle. 
Planning and Execution Processes for a Holonic Agent
As already discussed in section 2, the holonic agent operation covers two distinct phases: planning and execution. The holonic agent functioning starts with planning. The use BDI agents determines a certain influence on the way planning is treated. A specific aspect regards the library of plans that endows the BDI holonic agents (see, for example, JACK software platform dedicated to implementing BDI agents, which allows the definition and use of plans [23] ). For each type of goal the BDI holonic agent must possess a set of plans that it can try when faced with the respective type. In the proposed approach these plans are un-instantiated execution workflows. Here, we name as workflow the whole sequence of actions that a holonic agent uses for an entire execution phase. An un-instantiated execution workflow specifies the sequence of actions that can solve a certain goal, but with the actors to carry out the actions being un-specified. Thus, during the planning process the holonic agent tries to validate an execution workflow by establishing (mostly through the means of CNP) which will be the entities (other holons or its own physical device) to perform the actions of execution workflow. Taking into account all these aspects, the planning cycle for the holonic agent is conducted according to a sequence consisting in the following steps:
Step 1. Choose an execution workflow that could solve the goal. If there is no further choice in the agent's library of plans, then the cycle is ended by declining the goal.
Step 2. Try to validate the selected execution workflow (this means to find resources able to carry out the actions of workflow).
Step 3. If the selected execution workflow has been validated then the planning phase is successfully ended (the corresponding bid/internal contract is sent), else the cycle is restarted with the Step 1.
Both planning and execution can be modeled by Petri nets. As an example, Fig. 4 shows the Petri nets of the execution workflow and the related planning process for solving a goal g (this appears as superior index for the entities of models). The execution workflow contains two actions -a 1 and a 2 , for which the holon that received the goal, acting as manager, has to find actors (contractors). These can be viewed as resources and they are modeled by the places g P Rai added to the basic Petri net model (see Fig. 4a ). The places g P Rai abstract the state of contractors; for example, the token in g P Ra1 marks the commitment made at the moment of bidding, regarding the engagement of achieving the action a 1 . The execution workflow is chosen at the beginning of planning process (selection is based on the relevance for a goal and on certain optimum criteria). By that time, no tokens are present in the places g P Rai .
The planning process can be modeled according to Fig. 4b , where the same notations of the models of Figs. 2 and 3 are used. The model highlights the two possible outcomes for planning. When the manager holon receives at least a bid for an action of the goal g, the appropriate contractor is allocated and a token will be present in the corresponding place g P Rai . If the manager receives only negative bids for a proposed goal, the planning process is abandoned; this case is indicated through the transitions g t a 4(i) in Fig. 4b , and the manager continues its activity in accordance with the above presented cycle. The planning process of Fig. 4b regards a sequential Fig. 4b , the planning process at the level of contractors is modeled.
After the planning phase, the instantiated execution workflow (tokens are present in the places g P Ra1 and g P Ra2 ) is used to entirely guide the execution phase, as the model of Fig. 4a shows. One has to notice how this complies with the Petri model of Fig. 2 . During execution no decision points appear, except for the case of an action failure, when planning phase must be restarted. The transition Fig. 2 ). According to the validated workflow, execution continues with awarding a contract towards the chosen sub-contractor -transition g t 8(1) . The place g P a1 reflects the execution of the needed action (a 1 ) by sub-contractor, being ended at the transition g t 7 (1) , when the holonic agent receives the feedback concerning action end. The place g P 2 (2) represents a second execution stage, with the same progress as the first one. The place g P a2 and transitions g t 8(2) , g t 7(2) have the same meaning as for the previous execution stage, this time regarding the action a 2 . The considered example illustrates the general case of a holon being both contractor and manager: it is contractor for the received goal g, and it is manager with respect to finding solutions to achieve the actions a 1 and a 2 . One has to note that the Figs. 4a and b are to be regarded together. This means that there is a single place P 0 in the holonic model and the places g P Rai are common for planning and execution. All these models allow the HMES analysis, as shown in the next section.
6.
Holonic Interaction Analysis; Experimental Results
Possible drawbacks for the holonic agent planning activity
The planning and execution activities are not continuous: after sending a goal to potential contractors the agent has to wait for bids, after sending a bid the agent waits for manager's answer, after sending a contract the agent has to wait its accomplishing. Thus, it can happen that processes regarding several activities are interleaved for the same holonic agent. Three types of combinations are possible: two planning processes are interleaved, two execution workflows are simultaneously undertaken, or one planning and one execution process are handled by the holonic agent. The last two cases do not need a special attention, because as long as an execution workflow was validated by planning phase it cannot faultily influence another process. The significant combination is when two planning processes of the same holon are in progress in the same time. Each planning process is started by a distinct goal. If the agent has received two goals and their treatment is interleaved, then the case of Fig. 5 can happen, where the superior indices 1 and 2 refer the two goals (see the index g in Fig. 4) . The agent works with two execution workflows, which it tries to validate for the two goals. With respect to this, the agent has announced goals (sub-goals) in order to find contractors for the actions of execution workflows (in our example all these actions need other holons to carry them out). The problem is that the actions represented by the places 1 P a1 and 2 P a1 need the same type of resources, the same condition being true for the places 1 P a2 and 2 P a2 . If the contractors managing the two types of resources happen to make bids for the two execution workflows as shown by the tokens placed in Fig. 5 , both planning processes fail, as they cannot transform the corresponding execution workflows into live Petri nets.
The above case happens even the HMES could provide a solution at least for one goal. This occurs if a single planning process is allowed to start and only after its finalization the second planning process begins. This rule is not to be always applied, because it reduces HMES flexibility: it can also be possible for two planning processes to be treated in the same time without deadlock. The solution is to restrict the simultaneous activation for validation (for planning) of more execution workflows that could determine a blockage, as they refer to common resources. This can be implemented by correspondingly marking plans (execution workflows) within the agent's planning library. The proposed Petri net model can help this marking operation, by using it in a simulation developed before the start of holon's activity within HMES, during which the interaction of plans can be revealed.
Fig. 5. An example of interaction resulting from the planning process
A similar situation can happen when the two goals that create a conflict are handled by two distinct holonic agents. The case presented in Fig. 5 reflects these circumstances too, except for the fact that two places P 0 will exist, one for each holon. A solution for such situations is beyond the product/order holon possibilities, as they possess local knowledge. There is the need of another component, and this can be a staff holon in the PROSA architecture, which is supposed to take the decision on the management of goals [16] . This type of interaction must be taken into account only between product and order holons, because for resource holons the solution can be obtained at their own level, as they can distinguish goals so that deadlock is avoided [24] . When product/order holons need to announce goals towards resource holons, they should require the acceptance of a dedicated staff holon. This will send the approval only to one requesting holon and keep in a queue the other enquiries that refer to the same type of resources. At the moment of planning finalization, an agent of an order or product holon has to announce the staff holon about this, so that it can consider the next request. In this way two planning processes that refer some common resources are never interleaved and any deadlock is avoided.
In order to conduct significant experiments for proving these theoretical points, a complex model and a simulation environment able to represent an entire HMES were developed [17] , by the means of Coloured Petri Nets (CPNs) [25] .
The HMES developed model
The constructed simulation environment appears as a hierarchical CPN, with the highest layer abstracting various entities of the HMES in the form of transitions and places. These are expanded on successive layers, taking into account the proposed basic Petri net model (the one of Fig. 2 ), but with tokens that can carry different information, according with the formalism of CPNs. An important propriety of CPNs is the way they combine the capabilities of monochrome Petri nets with the support of a high-level programming language, such as the Standard ML [26] . So, it was possible to obtain a highly configurable model-prototype, close to the real HMES implementation.
The top layer of the HMES model is presented in Fig. 6 . It comprises one product holon and some resource holons; a staff holon was also introduced in certain experiments. The network necessary to handle the communication between holons is included, too. These entities are represented by transitions that hide the models of lower layers; these materialize by the proposed models for planning and execution (as the ones in Fig. 4 ). In comparison with the elements presented in Fig. 3 , all the input places of a holon were integrated in a single input position. One has to understand that the transitions t 1 -t 8 (see Fig. 2 ) have attached either an input or an output place (buffer). By using CPNs all the input buffers of a model are represented by a single position, which regards a buffer, marked as In_k in Fig. 6 . The same is true for the output positions, named Out_k. In this way in the CPN model each transition is fired when its attached condition is satisfied, according to the information of its buffer. The transfer of information between holons is achieved through the transition Communication Network. The model that this transition is substituting is presented in Fig. 7 . Thus the part regarding the communication network that was not shown in Fig. 3a is displayed. It is to understand that Out_k in Fig. 6 and In_k in Fig. 7 are the same positions in the constructed model, according to the use of hierarchical CPNs. The transitions Tlink_k in Fig. 7 transfer information at their firing, when a message is present in the output buffer of an entity. Such a buffer is a queue, so that messages are processed in the order they are received. To model the normal operation when the messages are treated in the same order as they were sent, the transitions Tlink_k have the greatest salience. In this way, the influence of the communication network on the reachability graph is minimized; this is important because the analysis of HMES performance is obtained by using it.
In principle, a simulation experiment can be used to explore only a finite number of HMES executions. By using the reachability graph of a Petri net a possibility to surpass this difficulty is offered. Indeed, this covers the entire state space of the modeled system, starting from a given initial state [25] . It means the reachability graph can be a powerful tool for assessing the properties of HMESs, and that is way it was chosen. More specific, regarding the problem of establishing the output of holonic agents' planning process, the leaf nodes of reachability graph contain information about the results of resource allocation process. The leaf nodes represent the final or dead markings of the analyzed Petri net, and by their examination the outcome of holonic planning process can be understood.
6.3.
Experiments for a holonic system with a product holon
The experiments carried out to prove the above analysis considered the interaction between two planning processes of the same holon (see the explanations concerning Figs. 4b and 5 ). Five distinct cases were evaluated; the difference between them is given by the availability of resource holons and the treatment of received goals. In cases 1 and 2, the product holon has to face a manufacturing environment with limited resources, allowing only one goal to be fulfilled; this restriction is removed in cases 3 and 4. On the other hand, the product holon tries similar plans in cases 1 and 3, respectively 2 and 4 (it attempts to instantiate similar execution workflows). The final case, the fifth one, regards the HMES operation when a staff holon is also included into the holonic architecture.
The results of the considered experiments are presented in Tables 1-5 . These contain three data types. The first two rows give the initial HMES state: the goals received by the product holon, the actions included into the execution workflows that the product holon uses to solve goals and the resource holons able to carry out the respective actions. This information is used to establish the initial marking of the Petri net model. Data on the reachability graph (number of nodes, arcs and dead markings) are presented in the next two rows of the tables, while the following rows summarize the results of planning process. Having two goals to solve, the planning results, reflected in resource allocation, are classified into three classes. These mean the planning process succeeded to instantiate two execution workflows, one of them (with two sub-cases) or none. For each class, the indicated percentage represents the number of final states (dead markings) that correspond to the respective class from the total number of final states. When both goals are solved by the same execution workflow (the succession of actions is a 1 , a 2 ) and two resource holons (RH 1 , RH 2 ) are present in the HMES, only one goal can be fulfilled, as Table 1 shows. In this first experiment no conflict between the planning processes appears. When the HMES context is the same, except for the execution workflows used to treat the goals, the results of Table 2 are obtained. These indicate that a conflict is possible: there are 3.23% of the total number of dead markings that represent cases when neither of the two goals is solved. It means the product holon fails to accomplish at least one goal, despite the fact that a solution exists. This is the case of Fig. 5 , when during the planning process two execution workflows are simultaneously treated and it happens that resource holons make bids for the first action in each workflow; thus, no resource is available to complete a planning process. This situation does not appear in the experiment considered in Table 1 , because in that case one of the execution workflows is already abandoned when the product holon does not receive a bid for its first action, and thus the failure situation is avoided. The case in Table 3 is similar to the first experiment, but this time there are dead markings representing the fulfillment of both goals, because more resource holons exist in the HMES. When the same experiment is made with different workflows used in planning, the results are worse: the percentage of 23.26% dead markings representing the accomplishment of both goals in Table 4 is less than the value in Table 3 . The explanation for the difference between the results of Table 3 and Table 4 is the same as for the cases in Table 1 and Table 2 . It is to notice that the number of dead markings is much higher than the number of planning results, which is explained by the internal mechanism that labels with distinct identifiers messages sent between holonic agents, conducting to different markings in the Petri net. Anyhow, the proper reading of the results obtained with these simulation experiments proves the theoretical points. As already indicated from the theoretical point of view in section 6.1 and practically by the second case, the HMES can fail in solving both received goals when these regard common resources. As mentioned, the introduction of a staff holon can eliminate these drawbacks. Thus, Table 5 presents the result of a further experiment that is conducted for the same case as in Table  2 , but with the presence of the staff holon. The interaction diagram in Fig. 8 shows how the product holon communicates with the staff holon when it has to solve two distinct goals. The messages labeled CI (Contractor Information) are those by which the product holon requests from the staff holon the list of available contractors for the plans it has chosen for the two goals. Because the staff holon detects a possible conflict between the contractors of the two plans, it provides a positive answer for one request (the message CI ) and the second answer is given only after the finalization of the first planning Fig. 8 ). The obtained result (see Table 5 ) shows that in this approach the drawback of both goals' failure is eliminated. More details and experiments for the operation of an HMES including a staff holon are presented in [16] . 
Conclusion
The work described in this paper addresses modeling and analyzing techniques capable of revealing certain planning and coordination issues of multi-agent systems included in HMESs. The proposed Petri net models describe the internal and external behavior of holons. It is used to construct the reachability graph, which provides important data on the states the HMES can pass through. The analysis has shown the necessity of an appropriate protocol that holonic agents should use for handling of plans, and moreover the need of a centralized component to manage the possible conflicts among planning processes of different holons. These results led us to considering the staff holon as a required entity into an HMES, with the ability to protect the system against potential conflicts. A general planning cycle appropriate for resource, product and order holons was settled, while the staff holon should have a distinct operation, coordinating the other types of holons when a planning conflict is detected; thus, the whole operation of an HMES is covered. The planned future work aims at better formalizing and evaluating the BDI mechanism when this is involved in the operation of holonic agents. Thus we are supposed to complete a systematic method for the application of multiagent systems in holonic manufacturing control.
